This article provides an overview of the genes and cellular processes that have emerged recently as new key factors in tumorigenesis. We review these in the context of three broad categories. First, genome-scale sequencing studies have revealed a set of frequently mutated genes in cancer. Genes that are mutated in .5% of all cancers across tissue types are discussed, with a highlighted focus on the two most frequently mutated genes, TP53 and PIK3CA. Second, the mechanisms of resistance to targeted therapy are reviewed. These include acquired resistance under targeted therapy selection owing to mutations and amplification of genes in the same or parallel signaling pathways. Importantly, sequencing of primary tumors has revealed that therapy-resistant clones already exist prior to targeted therapy, demonstrating that tumor heterogeneity in primary tumors confers a mechanism for inherent therapy resistance. Third, "metastasis-specific genes", or rather lack thereof, are discussed. While many genes have been shown to be capable of promoting metastasis in experimental systems, no common genetic alterations have been identified specific to metastatic lesions. Rather, the same gene mutations frequently found in primary tumors are also found prevalent in metastases, suggesting that the genes that drive tumorigenesis may also drive metastasis. In this light, an emerging view of metastatic progression is discussed. Collectively, these recent advances in cancer research have refined our knowledge on cancer etiology and progression but also present challenges that will require innovative new approaches to treat and manage cancer.
Introduction
The incidence rate of cancer increases with age. 1 This is consistent with the multistep tumorigenesis paradigm -it "takes time" for a normal cell to undergo multiple genetic alterations to become a tumor. How many genetic events are necessary or sufficient to drive tumorigenesis has been debated for over half a century via various investigative methods, from epidemiological studies to experimental model systems. [2] [3] [4] The discovery of proto-oncogenes by J Michael Bishop and Harold E Varmus, corecipients of the 1989 Nobel Prize in Medicine, marked a conceptual turning point in cancer biology, by providing evidence that our own genes can cause cancer when altered. In the following years, identification of the genes and gene mutations that drive tumorigenesis has been one of the mainstream focuses in cancer research. Efforts have been made on both fronts, searching for deregulated genes in human tumor samples and screening for genes capable of eliciting cell transformation in experimental systems. To date, hundreds of genes have been classified as oncogenes or tumor suppressors.
The goal of identifying oncogenes is not only to decipher the cellular and molecular mechanisms that govern tumorigenesis but also to treat cancer patients with agents that target such genes and pathways, namely molecular targeted therapy. The concept of targeted therapy of cancer came to fruition in the pivotal work of Brian J Druker in 1996, who developed a small-molecule inhibitor STI571, now known as imatinib, for the treatment of chronic myelogenous leukemia (CML). 6 CML is characterized by the presence of a unique chromosomal translocation between chromosomes 9 and 22, which results in the production of the Bcr-Abl fusion molecule in leukemic cells. Imatinib binds to and inhibits the Abl kinase. And with imatinib therapy, over 90% of CML patients achieve disease remission. The success story of imatinib energized the cancer research community to identify molecular targets and develop effective targeting agents. As a result of the collective effort of basic scientists, clinicians, and the pharmaceutical industry, we now have several dozen targeted therapy agents approved by the US Food and Drug Administration for cancer treatment, and several dozens more in clinical trials.
While molecular targeted therapy was proven effective in treating some cancers, the use of targeted therapies for other cancers has not been as straightforward, in part due to the following reasons. First, only a few cancers have unique molecular lesions like the Bcr-Abl fusion protein in CML. Another example of unique cancer-specific lesions is the EML4-ALK chromosomal translocation found in ∼4% of non-small-cell lung carcinoma (NSCLC). Patients who are treated with crizotinib that targets the ALK kinase have shown a remarkable 90% remission rate. 7, 8 However, these examples of unique actionable molecular lesions are exceptional than typical in cancer. Instead, the majority of tumor cells express many dysregulated gene products that are not readily discernable as therapy targets. Second, some of the early promising targeted therapy agents, such as gefitinib that targets the EGFR protein often altered or highly expressed in NSCLC, failed to improve patient survival despite dramatic initial tumor regression. This was due to the rampant and rapid insurrection of therapy-resistant tumors within mere weeks of the therapy. 9 We now know that therapy resistance is a general phenomenon in cancer, which occurs with the majority, if not with all, of targeted agents. Third, recent genomic studies have revealed that each tumor typically harbors tens to hundreds of mutations that affect protein products. 10, 11 Since it is impractical to treat patients with tens to hundreds of therapeutic agents simultaneously, the efforts to discern the "Achilles hill" target(s) among the many genes mutated in tumors are ongoing.
This article provides an overview of new factors and intriguing new concepts in tumorigenesis brought to light by recent discoveries in cancer research. We highlight aspects of these new emerging factors to better understand tumorigenesis and strategize innovative approaches in the treatment of cancer going forward. To this end, the subtopics discussed in this article are limited to 1) cancer-driving genes and mutations identified by genome sequencing, 2) targeted therapy resistance and tumor heterogeneity, and 3) lack of metastasis-specific mutations. As there are many excellent and in-depth reviews of each subtopic, we apologize for our limited referencing of the many original papers here.
Cancer-driving genes and mutations identified by genome sequencing
The recent explosion of genomic data over the past decade, enabled by rapid advances in sequencing technology and sophisticated bioinformatics tools, has provided us with the genome-wide view of cancer at single-nucleotide resolution. A general expectation may have been to identify a handful of gene mutations in each tumor, which would point to an actionable therapy target. The whole-genome-sequencing data revealed a more complicated picture of a tumor typically harboring an average of 3,000 mutations, compared to the normal cells of the same person (an average of one mutation per one million nucleotides). 10, 11 Of these, ∼300 mutations are found in the coding sequences (exons), and of these, an average of 30-60 mutations are non-synonymous, which are expected to alter protein products. 10 It is notable that the median number of non-synonymous mutations varies depending on the tumor type, ranging from several (eg, acute lymphoblastic leukemia) to hundreds (eg, melanoma, lung cancer). The latter is correlative of known mutagen exposure such as UV and smoking. 10 It is fitting that mutagens cause DNA mutations, and therefore result in the accumulation of many mutations in tumors. However, the exact number of mutations required for these mutagen-driven cancers has not been determined. Nevertheless, it is widely accepted that the major portion of these mutations are "bystander" mutations that do not directly contribute to tumorigenesis. By the same token, considering the scale of sequence variations detected in tumors in general, it is thought that the average number 
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emerging factors in cancer of 30-60 non-synonymous mutations found in tumors also includes bystander mutations.
How do we discern cancer-driving mutations from bystander mutations? Studies have analyzed the genome data with various statistical methods and have identified a set of 120-140 genes as "cancer drivers". These are defined as the genes that are mutated in more than one cancer type. In other words, statistically, all cancers harbor mutations in one or more of these genes, signifying their functional contribution in tumorigenesis. It is estimated that a tumor contains an average of two to eight mutations in these cancer driver genes. 10, 11 These studies are impressive in their scale and depth and have also been reviewed in equally impressive and thoughtful articles, some of which are cited here.
What are these 120-140 cancer driver genes? These genes are categorized as either oncogenes or tumor suppressors by the distribution pattern of their mutations. Oncogenic mutations are often missense mutations that alter specific amino acid residues that are crucial to the protein function. 10, 12 These mutations recur in multiple tumors, attesting to their functional importance in driving tumorigenesis. A well-known example is mutations in the KRAS gene found in multiple types of cancers, including colorectal cancer, lung cancer, melanoma, and endometrial cancer. 13, 14 According to the Catalogue Of Somatic Mutations In Cancer (COSMIC) database, 83% of the KRAS mutations alter the amino acid residue glycine 12 (eg, G12D, G12V), and 14% alter the amino acid residue glycine 13. Functional studies have shown that these amino acid substitutions affect the GTPase activity of k-ras, resulting in constitutively active k-ras in a GTP-bound state. 14 Thus, recurring mutations on specific sites are likely gain-offunction mutations and a mark of an oncogene.
In contrast, tumor suppressor gene mutations are typically found distributed along the coding regions as missense or nonsense mutations, suggesting that any mutations that disable the protein product drive tumorigenesis. For example, mutations in the BRCA1 gene, a tumor suppressor gene associated with an increased risk of breast cancer, are found all over the coding region with no specific recurring mutations among the 389 BRCA1 mutations registered in the COSMIC database. Thus, mutations distributed in the coding region of the gene are indicative of a tumor suppressor gene. 10, 12 By deciphering the distribution pattern of gene mutations in the COSMIC dataset, Vogelstein et al classified 125 "Mutdriver genes" as 71 tumor suppressors and 54 oncogenes. In addition to these "Mut-driver genes", the authors reported an additional ten frequently amplified (oncogenes) and three frequently deleted (tumor suppressors) genes, concluding a total of 138 cancer driver genes. 10 Kandoth et al analyzed the Cancer Genome Atlas (TCGA) dataset and identified 127 "significantly mutated genes (SMGs)", defined as the genes mutated in multiple tumors in more than one type of cancer. 11 Notably, 66 genes are common between the "Mut-driver genes" and SMGs.
11 While these 66 genes identified by two independent methods are clearly of importance in tumorigenesis, significance of the other nonoverlapping genes is less clear. The exact set of cancer-driving genes will no doubt be refined in the near future. What the current data do clearly show is that each gene does not have equal potential to drive tumorigenesis, as some of the gene mutations are vastly more prevalent than others.
In keeping with the intent of this article to provide an overview, not a comprehensive review, we discuss the SMGs that are mutated in .5% of all cancers from the data available from Kandoth et al. Using .5% frequency is an arbitrary cutoff, but it translates to one in 20 tumors harboring the gene mutations which we thought should warrant recognition as to represent major pathways involved in tumorigenesis. Only ten genes out of 127 SMGs made the list of genes mutated in .5% of all cancers (Table 1) . In fact, if we consider .10% gene mutation frequency as a cutoff (one out of ten tumors harboring the gene mutations), only two genes, TP53 and PIK3CA, make the list, with PTEN trailing behind just shy of 10%.
TP53 and PiK3CA, the two most commonly mutated genes in cancer It is not surprising, but striking, that TP53 is mutated in 42% of all cancers, attesting to its principal tumor suppressor function in a wide range of tissue types. In ovarian serous carcinoma, over 95% of tumors harbor TP53 mutations in the absence of any other SMG mutations, suggesting that loss of TP53 is a major event that drives tumorigenesis in this tissue type. High-frequency mutations in TP53 are also found in lung squamous cell carcinoma and head and neck squamous cell carcinoma with 80% and 70%, respectively ( Table 1) .
The TP53 gene product, p53, is a central molecule in DNA damage response, best characterized as a transcription factor that induces expression of cell cycle inhibitors (eg, p21) to allow "time" to repair DNA damage. [15] [16] [17] When DNA damage persists without repair, p53 induces apoptosis by activating transcription of pro-apoptosis genes (eg, PUMA) and also by a transcription-independent mechanism. 18, 19 The transcription-independent mechanism of p53 involves direct interaction between p53 and mitochondria, mediating 
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Kim mitochondria outer membrane permeabilization and cytochrome c release, resulting in apoptosis. 19 Recently, p53 has also been shown to inhibit autophagy, a cellular process that degrades unnecessary cellular products under stress conditions. 20, 21 The inhibition of autophagy is considered an oncogenic event that promotes genomic instability and necrotic cell death instead of apoptosis. 22 Thus, it is intriguing how p53 balances its tumor suppressor function with a seemingly oncogenic function. Nevertheless, it is evident that p53 is more than a transcriptional factor and regulates multiple pathways involved in the cell death/survival decision under cellular stress.
PIK3CA is the second most frequently mutated gene with a frequency of 18% in all cancers. The high mutation rates in the PIK3CA gene are found in uterine corpus endometrial carcinoma (52%), breast cancer (33%), colon and rectal carcinoma (18%), and bladder urothelial carcinoma (17%) ( Table 1) . PIK3CA encodes for the p110 catalytic subunit of phosphatidylinositol 3-kinase (PI3k) that phosphorylates phosphatidylinositol-(4,5)-bisphosphate to phosphatidylinositol-(3,4,5)-triphosphate (PIP3). 23 Mutations in the PIK3CA gene are found to alter specific amino acid residues, including E545K, E542K, and H1047R. 24 These mutations confer an increase in the lipid kinase activity of PI3k, indicating gain-of-function mutations that result in active signaling. 24 PIP3 generated by PI3k is a signaling lipid that activates downstream kinases, including phosphatidylinositol-dependent kinase (PDK1) and protein kinase B (PKB, also known as AKT), which in turn inhibit pro-apoptotic molecules (eg, BAD and BIM), thereby mediating cell survival. 25 Concordantly, the net result of PI3k pathway activation is enabling cell survival under various cellular stress conditions such as nutrient-restriction and cytotoxic cancer drug treatment.
Why do these two genes stand out as the two most frequently mutated genes in all cancers among many other genes, especially among those that are known to drive cell proliferation such as KRAS, for example? The common function between TP53 and PIK3CA is in the cell death/ survival pathway, such that either gene mutations -TP53 loss or PIK3CA activation -result in aberrant cell survival under stress. This implies that TP53 and PIK3CA may mark the crossroads between cell death and survival, crucial decision points in tumorigenesis. Interestingly, we observed that the tumor types with high-frequency mutations in TP53 had relatively low-frequency mutations in PIK3CA. Conversely, the tumor types with high-frequency mutations in PIK3CA had relatively low-frequency mutations in TP53 (Table 1) . We graphed the mutation frequencies between TP53 vs PIK3CA in a given tumor type and found an inverse relationship (Figure 1, P=0.0015 ). This inverse relationship suggests that TP53 and PIK3CA mutations may occur mutually exclusive of one another in a given tumor type; that is, tumors that harbor TP53 mutations do not contain PIK3CA mutations and vice versa. This mutually exclusive relationship between these two gene mutations has also been noted by Kandoth et al. "Mutual exclusivity" of mutations is indicative of a classic genetic interaction between genes that function in the same pathway. For example, KRAS (G12V or G12D) and BRAF(V600E) mutations are mutually exclusive in colorectal cancer, indicating that a mutation in either gene results in the same functional consequence, namely activation of the MAP kinase pathway leading to tumorigenesis. 26, 27 In this logic, the genome data showing the mutual exclusivity between TP53 and PIK3CA mutations suggest that these two genes may function in the same genetic pathway, the deregulation of which by either gene mutations results in tumorigenesis. 28 Together, these may suggest that TP53 or PIK3CA mutations occur in different cell types, each driving a different subtype of cancer (serous ovarian cancer vs clear cell ovarian cancer). Interestingly, multiplatform genomic analyses have reported that one of the breast cancer subtypes, basal-like breast cancer, is more closely related to serous ovarian cancer in its genetic footprint, than to other breast cancer subtypes. 29 The authors have suggested that these two cancers may have originated from closely related cell types. 29 The basal-like subtype of breast cancer has a high frequency of TP53 mutations, 80%, as does serous ovarian cancer with 95%. Thus, it appears to support the argument that TP53 mutation drives cancers originating from similar cell types.
However, molecular classification of 12 cancer types based on cluster-of-cluster assignments using five omics datasets -DNA copy-number variation, DNA methylation, mRNA expression, microRNA profiles, and phosphoprotein levels -has separated basal-like breast cancer and ovarian cancer as two distinct cancer types, with ovarian cancer matching to its own tissue origin. 30 Rather, the study points out that some cancers share the "p53 footprint" recognizable by gene expression patterns altered by the loss of p53. Thus, similar genomic profiles between basal-like breast cancer and serous ovarian cancer are likely due to the high-frequency mutation in TP53 in both the cancer types, rather than that they share similar cell type origin. In fact, all four molecular subtypes of breast cancers are found with mutations in TP53 or PIK3CA, albeit with different prevalence but in a mutually exclusive manner within each subtype. 29 In addition, the two subtypes of lung cancers, squamous cell carcinoma and adenocarcinoma, also harbor mutations in both TP53 and PIK3CA. 31 Thus, the mutual exclusivity between TP53 and PIK3CA mutations is not likely due simply to differences in cell type origin. At any rate, as numerous studies have shown the functions of p53 and PI3k in multiple and diverse cell types, it would be hardpressed to assign the biological functions of TP53 or PIK3CA to any specific cell types, such that each gene mutation drives different cancer types.
Taken together, it seems tenable that the mutual exclusivity between TP53 and PIK3CA mutations may be due to their function in the same genetic pathway, the deregulation of which leads to tumorigenesis. Considering that the mutation frequency of TP53 is 42%, dominantly higher than the one of PIK3CA, 18% (Table 1) , it is tempting to speculate that TP53 is an upstream regulator of PIK3CA; TP53 regulates several major pathways that lead to tumorigenesis, with the PIK3CA pathway being one of the major pathways. In this scenario, TP53 mutations alone could drive tumorigenesis, while PIK3CA mutations result in tumorigenesis if one or more pathways governed by TP53 are deregulated. The genomic data support this postulate, which show that PIK3CA mutations "co-occur" with other gene mutations such as PTEN and AKT, whereas TP53 mutations remain mutually exclusive with these other gene mutations. 11 Based on these premises, we put forward a TP53/PIK3CA pathway model in which p53 inhibits PI3k (Figure 2) .
Whether p53 directly inhibits PI3k is unclear, although some studies have suggested it. 32 The better-characterized functional link between p53 and PI3k is via PTEN. The Pten protein is a lipid phosphatase that opposes the lipid kinase activity of PI3k. The p53 protein has been shown to activate Pten in DNA damage response, resulting in the inhibition of PI3k action. 33 Conversely, PI3k activates Akt, which in turn activates Mdm2 to inhibit p53. 34 Thus, the cross-regulation between p53 and PI3k has already been established. 
230
Kim epistatic relationship between the two genes will need further investigation.
Why is it of consequence to place TP53 and PIK3CA in the same genetic pathway? While it is impossible to restore TP53 in tumors that have lost both copies of the gene, there are several agents that target the PI3k pathways already in various clinical trials. 25, 35 If PIK3CA is functionally downstream of TP53, we could conceivably treat patients with TP53-mutated cancers with PI3k pathway inhibitors and achieve a therapeutic efficacy. Considering that 42% of all human cancers harbor TP53 mutations with no targeted therapy available to date, the TP53/PIK3CA relationship warrants investigative scrutiny.
Genes mutated in specific cancer types
There are several genes in Table 1 , whose mutations are prevalent only in a single cancer type: APC in 83% of colorectal adenocarcinoma and VHL and PBRM1 in 52% and 33% of kidney renal cell carcinoma, respectively. These genes may represent the genes relevant to cancers rising from specialized cell types. GATA3 may belong to this group of genes as it is mutated in 11% of breast cancers but less than 5% in all other cancer types. These individual genes have been reviewed extensively elsewhere. [36] [37] [38] In brief, APC is a regulator of Wnt signaling essential for the maintenance of intestinal epithelium stem cells. 39 Thus, the loss of APC results in expansion of aberrant cell population in intestinal epithelium, leading to colon cancer. VHL is best known as a regulator of hypoxia-inducible factor α subunit. 37 The exact mechanism of how deregulated hypoxia response specifically drives kidney cancer is not well understood. Interestingly, VHL has been shown to play an essential role in the formation and maintenance of primary cilia in renal epithelial cells. 40 As cilia are required for the proper development and maintenance of nephrons in kidney, the absence of cilia due to the loss of VHL apparently results in the formation of lesions in kidney tissue, leading to tumorigenesis. 40, 41 GATA3 is a transcription factor that is essential in the specification and maintenance of the luminal epithelial cells in mammary gland. 38, 42 Collectively, the commonality of these gene functions appears to be the maintenance of specific cell types within each tissue type.
Interestingly, the mutations in these genes are lossof-function mutations, suggesting their tumor suppressor functions. APC has been referred to as a "gate keeper" because its functional loss inevitably leads to colon cancer, evidenced by the fact that patients with familiar adenomatous polyposis syndrome, who inherit a defective copy of APC, develop colon cancer with 100% penetrance. 36 Similarly, patients with von Hippel-Lindau syndrome, who inherit a mutated copy of VHL, develop clear cell renal cancer with a high frequency of 70%. 43 Thus, APC, VHL, PBRM1, GATA3, and other genes mutated in specific cancer types may qualify as the "gate keepers" of specific tissue type, the loss of which leads to the expansion of aberrant cell population and tumorigenesis.
Acute myeloid leukemia (AML) is a cancer type that contains mutations in a unique set of genes, which includes NPM1 (27%), FLT3 (26%), DNMT3A (25%), and IDH2 (10%). 11 Hematologic malignancies often have their unique set of gene mutations, suggesting that these cancers may arise from mutations in the genes involved in determining and/or maintaining specific hematopoietic cell lineage. 44 Pediatric AML shares mutations in the NPM1 and FLT3 genes with the adult AML, supporting the role of NPM1 and FLT3 mutations in driving AML regardless of the age of disease onset. 45 However, it is notable that DNMT3A and IDH2 are rarely mutated in pediatric AML. 45 These implicate that cell lineage may be obtained and/or maintained via additional mechanisms in the adult, relating to the functions of DNMT3A and IDH2.
Both Dnmt3a and Idh2 are shown to function in DNA methylation. DNMT3A encodes a DNA methyltransferase that adds a methyl group to CpG islands in DNA and functions in hematopoietic stem cell differentiation. 46 It has also been shown that Dnmt3a mediates the cytotoxic effect of 5-azacytidine, a therapeutic agent to treat various 47, 48 IDH2 encodes an isocitrate dehydrogenase that converts α-ketoglutarate to isocitrate. 49 When mutated, Idh1 or Idh2 produces an aberrant metabolite, 2-hydroxyglutarate, which results in the loss of 5-hydroxymethylcytosine at CpG islands in DNA, resulting in aberrant DNA methylation. 49 Both DNMT3A and IDH2 have been found with recurrent mutations such as R882H/C and R140Q, respectively, associated with poor prognosis and disease relapse, indicating their oncogenic function in tumorigenesis. 49, 50 Temporal and functional regulation of these genes related to hematopoietic cell lineage is not well understood, nor the scope of their effect on genome-wide DNA methylation. Mapping of the CpG sites affected by these gene mutations may provide insight into the biology of adult myeloid cell lineage and AML tumorigenesis.
Chromatin remodelers
The cancer-driving genes brought to light anew by genome sequencing are a group of chromatin remodelers, including MLL2, MLL3, and ARID1A. The fact that these three genes are mutated in .5% of all cancers highlights the importance of epigenetic regulation in tumorigenesis (Table 1) .
MLL2/MLL3 are members of the mixed lineage leukemia (MLLs) family, characterized as HOX gene regulators. 51 Biochemically, MLLs are methyltransferases responsible for de novo methylation of histone H3 at lysine 4 (H3K4). MLL1, the first member of MLLs, was discovered due to the frequent gene rearrangement in aggressive leukemia, including in-frame chromosomal translocation, partial tandem gene duplication, and gene amplification. 52 MLL1 was shown to bind directly to the promoter regions of the HOX genes and upregulate HOX gene expression. As the HOX genes play a critical role in development, MLL1 knockout results in defective hematopoiesis and embryonic lethality. 52 While MLL1 gain-of-function mutations drive cell transformation and leukemia, the mutations found in MLL2/MLL3 by genomic sequencing in solid tumors are mostly nonsense or frameshift loss of function mutations. 51 How the activation of MLL1 but the loss of MLL2 or MLL3 drives tumorigenesis is unclear. Defining the specificity of each MLL member in histone modification and gene regulation will provide insight into the epigenetic changes that govern tumorigenesis.
While MLL2/MLL3 are histone modifiers, ARID1A (BAF250A) is a subunit of the Brg1 (also known as Smarca4)-containing SWI/SNF complex. 53, 54 The SWI/SNF complexes utilize ATP hydrolysis to remodel nucleosome configuration, thereby disrupting histone/DNA contacts and "creating" space for the recruitment of transcription factors to mediate gene activation as well as gene repression. 53 The mutations found in ARID1A are loss-of-function mutations, suggesting a tumor suppressor function. Consistent with a tumor suppressor function, several in vitro cell studies have shown that knock-down of ARID1A results in enhanced cell proliferation, whereas overexpression results in cell cycle arrest. 55, 56 Evidence also suggests that ARID1A plays a role in the cellular differentiation program. For example, ARID1A knock-down in embryonic stem (ES) cells results in a differentiation block to certain cell types including cardiomyocytes and adipocytes but permits differentiation of ES cells into other cell types such as neurons. 57 These studies suggest that the loss of ARID1A drives tumorigenesis in specific tissue types, the differentiation of which depends on the function of ARID1A. Supportive of this idea, ARID1A is found to be the most frequently mutated in two cancer types, uterine corpus endometrial carcinoma (30%) and bladder urothelial carcinoma (27.6%). The function of ARID1A in differentiation of either tissue type has not been investigated. Nor is well understood how ARID1A-mediated chromatin remodeling facilitates cell differentiation. It is notable that PBRM1 (BAF180), frequently mutated in kidney renal cell carcinoma, is also a subunit of the same SWI/SNF complex, underscoring the importance of chromatin remodeling in tumorigenesis. 53 Collectively, MLL2, MLL3, ARID1A, and PBRM1 represent just a few of many chromatin remodelers identified by genome-scale sequencing as new emerging factors in tumorigenesis. Functionally, they were all shown capable of establishing genome-wide epigenetic programs and affecting gene expression. Delineating specific actions, target genes, and/or tissue-specific context activity/regulation of each gene will provide insight into their functions and mechanisms relevant to tumorigenesis and illuminate potential innovative strategies to target tumors harboring such gene mutations.
Emerging mechanisms of targeted therapy resistance
Therapy resistance has been observed with every therapeutic regimen available today, including poly-chemotherapy, radiation therapy, immunotherapy, and molecular targeted therapy. Mechanisms of therapy resistance are numerous from multidrug resistance pump amplification to aberrant DNA repair and apoptosis, to tumor stem cells, to tumor cell niche, and to pharmaco-metabolism that determines drug efficacy. In this overview, the mechanisms specifically 
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Kim related to molecular targeted therapy resistance are discussed.
Acquired therapy resistance: mutations in the target
One of the better understood mechanisms of resistance to targeted therapy is the acquisition of additional mutations in the target molecule. For example, although imatinib is effective in achieving remission in .90% CML patients, those who do not respond or have partial response to imatinib were found to have leukemic cells with additional mutations in Bcr-Abl, specifically in the kinase domain of Abl. Several of these amino acid substitution mutations directly abrogate imatinib binding to Bcr-Abl, thereby rendering imatinib ineffective. 58 Similarly, NSCLC patients who become resistant to gefitinib or erlotinib are found to have tumor cells that acquire mutations in Egfr in the kinase domain such as T790M mutation. 59 In order to counter this acquired resistance to targeted therapy, second-generation small-molecule inhibitors were developed with molecular configurations that allow binding to the mutated target, which include dasatinib and nilotinib for imatinib-resistant CML. 60 In addition, monoclonal antibodies that bind to the extracellular domain of Egfr, such as cetuximab, provide a means to counter gefitinib or erlotinib-resistance, along with other small-molecule inhibitors that target Egfr. 61 
Antiestrogen therapy resistance in breast cancer
One of the targeted therapies with a long history is the antiestrogen agent, tamoxifen, in the treatment of breast cancer. Tamoxifen is an inhibitor that competes with estrogen for binding to the estrogen receptor (ER). Tamoxifen is proven effective as an adjuvant therapy in preventing recurrence and improving disease-free survival of patients with ER-positive breast cancer. The Early Breast Cancer Trialists' Collaborative Group reported a meta-analysis of the randomized clinical trials that spanned over 20 years since 1985, which showed 30%-50% reduction in the disease recurrence rate with 5 years of tamoxifen therapy in ER-positive breast cancer patients. 62 As ER-positive breast cancer constitutes 70% of all breast cancers, tamoxifen and other antiestrogen therapies have made a significant impact on breast cancer treatment. However, it has also been recognized that 30% or more of patients with ER-positive breast cancer do not benefit from tamoxifen therapy and relapse annually at a steady rate of 1%-5% even during the tamoxifen therapy. 63 Thus, studies have focused on the mechanisms of tamoxifen resistance for as long as tamoxifen has been in use. Using molecular approaches as well as siRNA screening in cell model systems, several genes and pathways have been identified as responsible for tamoxifen resistance. These include overexpression of the MYC oncogene, amplification of ERBB2/HER2, activation of the insulin/Igf receptor signaling, and mutations in the PI3k pathway molecules. [64] [65] [66] [67] However, genetic alterations of these genes and pathways have been implicated in other drug therapy resistance as well, suggesting that these may confer general cell growth/survival advantage mechanisms under unfavorable conditions, not tamoxifen resistance per se. [68] [69] [70] More revealing are the specific mutations in the ESR1 gene that encodes ER, recently identified in 20%-50% of recurrent tumor samples from breast cancer patients who were treated with antiestrogen therapy of aromatase inhibitors and/or tamoxifen. 71, 72 Aromatase inhibitors such as anastrozole are a newer class of antiestrogen therapy agents that block the conversion of androgens to estrogens. This was proven an effective strategy to reduce estrogen in postmenopausal women whose estrogen production relies on local tissues, thereby reducing estrogen action on breast tumor cells. The specific amino acid substitution mutations found in recurrent tumors result in mimicking the active conformation of ER without estrogen bound to it, rendering cancer cells to no longer require estrogen for growth. 71, 72 Mutations in the ESR1 gene are rarely found in primary tumors, estimated less than 1% according to TCGA data. Thus, the ESR1 mutations found in recurrent tumors are de novo-acquired mutations under the selective pressure of antiestrogen therapy.
Another successful targeted agent in breast cancer is trastuzumab. Trastuzumab is a monoclonal antibody that targets the ERBB2/HER2 receptor amplified and/or overexpressed in the HER2 subtype of breast cancer. It is used in an adjuvant setting like the antiestrogen therapy and has been shown to reduce the recurrence rate of HER2-positive breast cancer by 30%-50%. 73, 74 With a shorter history of the use, it remains to be determined whether the Her2 receptor too acquires specific amino acid mutations de novo in response to trastuzumab therapy.
Mutations in parallel or the same signaling pathways family members confer resistance to various targeted therapies. 68, 69, 75 These suggest that when a cell proliferation signaling pathway is inhibited by targeted agents, tumor cells evolve to activate other growth receptor signaling. Fortunately, some of these signal pathways can be targeted with agents, providing hope for countering resistance. 76 Another emerging mechanism of acquired resistance is amplification or reactivation of the same targeted pathway genes. It has been shown that vemurafenib that targets BRAF(V600E) mutation is effective in treating melanoma but has limited success in treating colon cancer despite the same BRAF(V600E) mutation. Subsequently, it was shown that vemurafenib-resistant colon cancer cells reactivate EGFR, an upstream activator of b-Raf, via amplification or overexpression, shortly after vemurafenib treatment. 77 Experimental studies showed that the combination treatment with vemurafenib and gefitinib (or erlotinib) was more effective in killing colorectal tumor cells than either agent alone. 77 These lines of studies suggest that targeting multiple molecules in the same pathway may be effective in treating cancer by preempting therapy resistance due to the targeted pathway reactivation. These await clinical studies.
intra-tumor heterogeneity
The time frame that therapy-resistant clones become detectable after initial targeted therapy varies widely from weeks to months (eg, NSCLC with gefitinib or erlotinib therapy) and to years (eg, breast cancer with tamoxifen therapy). It is not clear whether the time to resistance depends on therapeutics (eg, small-molecule kinase inhibitors vs hormone mimetics) or cancer cell types (NSCLC vs breast cancer) or both. The mechanism of acquired targeted therapy resistance -mutations in the target and activation of the same or parallel pathways of the target -is widely accepted as via molecular evolution under selective pressure in a Darwinian sense. However, the time frame in which some of the therapy-resistant diseases arise cannot solely be explained by evolution under selective pressure. For instance, ∼2% of CML patients do not respond, and additional 8%-13% have inadequate response to imatinib at disease presentation, suggesting that imatinibresistant leukemic cells already exist prior to therapy. 78 These are the patients who have progressed through the "blasting crisis" characterized as rapid induction and expansion of leukemic cells, suggesting that imatinib-resistant tumor cells may arise during blasting crisis. It is remarkable that the specific mutations in the kinase domain of Abl that confer imatinib resistance arise through seemingly a nonspecific tumor progression stage called blasting crisis without the drug selection. Consistent with this observation in CML, tumor cells with EGFR (T790M) mutation or MET-amplification that confers resistance to Egfr-targeted therapies were found in NSCLC patients prior to targeted therapies. 68 These findings show that mutations that confer targeted therapy resistance can be acquired during tumor progression without the targeted therapy selection. Thus, intra-tumor heterogeneity is an emerging mechanism of therapy resistance, not acquired under therapy selection but inherent to tumor progression. Detection of preexisting therapy-resistant mutations in subpopulation within the primary tumor will enable the treatment of patients with multiple targeting agents at the time of initial targeted therapy. Moreover, better understanding of the tumor progression stages that give rise to intra-tumor heterogeneity, such as "blasting crisis" in CML, will be crucial in order to subvert therapy resistance.
Metastasis
The current paradigm of metastasis involves multiple steps in successive progression categorically describing cellular events. These steps include tumor invasion to local tumor parenchyma, intravasation into blood vessels, circulation within the blood stream, extravasation out of blood vessels, and colonization at distant sites. [79] [80] [81] [82] Utilizing elegant experimental model systems, many genes and factors that contribute to metastatic progression have been identified. The examples are cell migration/motility genes (eg, Ral small GTPase signaling), extracellular matrix-remodeling molecules (eg, MMPs), and cell adhesion molecules (eg, integrins) that enable tumor cell invasion. [83] [84] [85] [86] The genes that commence epithelial-mesenchymal transition (EMT) were shown to play a role in local tissue invasion and intravasation of tumor cells (eg, Twist, Snail). 87, 88 In addition, cell adhesion molecules (eg, VCAM-1, ST6GALNAC5) were shown to play a role in mediating the extravasation step in metastasis. 89, 90 Moreover, contribution of immune cells has been well documented in metastatic processes such as local tissue invasion, intravasation, as well as distant-site colonization. [91] [92] [93] [94] [95] Collectively, these studies provide a picture of metastasis as an intricate and complex process requiring activation of fine-tuned signaling pathways and also concerted interactions between tumor cells and the tissue microenvironment consisting of stroma, blood vessels, and immune cells. As each of these components in metastatic processes has been reviewed elsewhere, this overview highlights recent findings that reveal several striking features of metastasis. Metastatic cancer has been correlated with large-size and high-grade primary tumors, which has implied that metastasis is a later event in tumorigenesis. Supportive of this, early detection and resection of primary tumors reduce the risk of metastatic recurrence, suggesting that early-stage tumors have less metastatic potential. Thus, it has long been postulated that metastasis arises from tumor cells acquiring "metastasis gene mutations" during later stages in tumor progression. In this postulate, one could compare genetic alterations in metastatic lesions to its primary tumor origin and identify gene mutations uniquely present in metastatic lesions as metastasis-driving gene mutations. Genome-scale studies of primary tumor/metastasis pairs revealed that each metastatic lesion contains the genetic footprint of the primary tumor and also additional gene mutations not present in the primary tumor. [96] [97] [98] These studies corroborated the postulate that metastases arise from primary tumors by acquiring additional mutations. Strikingly however, no common gene mutations have emerged among metastatic tumor samples. Moreover, comparison of the genome sequences between multiple metastatic lesions from a single patient showed that each metastatic lesion has evolved independently of each other acquiring different gene mutations. 96 These findings indicate that there are no prerequisite gene mutations that drive metastasis, and hence no "metastasis genes".
If there are no "metastasis genes", what determines metastatic potential of a tumor? Early gene expression studies have identified gene signatures in primary tumors that correlate with and are predictive of metastasis and poor patient survival. [99] [100] [101] These findings indicated that metastatic potential of a tumor is already established during the development of primary tumors. Consistent with this idea, recent genomic sequencing studies revealed that the same cancer driver mutations found in primary tumors such as KRAS, TP53, and ERBB2/HER2 are highly enriched in metastatic lesions of pancreatic cancer, renal carcinoma, and breast cancer, respectively. 97, 102, 103 These findings suggest that metastasis is driven by the same genetic alterations that drive tumorigenesis, likely by providing the same advantages in cell survival and proliferation through arduous metastatic processes of invasion, intravasation, extravasation, and colonization. The elegant study by Jones et al documented clonal evolution of tumor cells by evaluating genetic signature changes during the progression from adenoma to carcinoma, and to metastasis, in colon cancer. 96 The authors assessed the time frame of tumor progression by a mathematical model and reported that it takes 17 years for benign adenoma to progress to carcinoma, whereas it takes only 2 years for carcinoma cells to become metastatic. The short duration of 2 years for the metastatic progression supports the idea that primary tumors have already acquired the genetic mutations that enable metastasis. Collectively, these findings suggest that metastasis, at least the initial steps of metastasis, such as intravasation, is not driven by a set of metastasis-specific gene mutations.
Metastatic lesions do acquire additional mutations albeit different from one lesion to another. These mutations may potentially represent genes that play a role in the later steps of metastasis, such as colonization. "Colonization" refers to the complex process of individual tumor cells adapting to distant tissue environment and becoming overt metastases. The "colonization genes" may be decipherable by comparing de novo mutations found in metastases at the same site from different patients and/or cancer types. While these genes are yet to emerge, since a sufficient number of metastases per distant site has not been sequenced, experimental model studies have provided evidence for such genes. For example, ST6GALNAC5, a surface molecule-modifying enzyme, was found highly expressed specifically in breast cancer cells that metastasize to the brain, whereas VCAM-1, a cell adhesion molecule, was shown to promote lung metastasis by providing survival advantage to tumor cells in the lungs. 89, 90 It remains to be determined whether a common set of colonizationspecific genes emerges per distant metastatic site across different cancer types. It will provide an opportunity to develop therapy targeting such genes and pathways and prevent overt metastases.
Alternatively and/or additionally, metastatic progression including the colonization step may be largely driven by epigenetic changes in tumor cells, extrinsic local factors, and/or systemic state of each patient. These factors have not been evaluated systematically, but identification of such factors presents a formidable task, considering the complexity and diversity that constitute individual tumor and tumor host environment.
Circulating tumor cells
As overt metastases are currently untreatable, considerable efforts have been made to advance technology to detect early metastatic cells disseminated into the blood stream, namely circulating tumor cells (CTCs). 104 The presence of CTCs in patients with metastatic breast cancer has been correlated with reduced progression-free survival and overall survival. 105 Even in early breast cancer patients, CTCs have been detected in 24% of patients and were predictive of early 
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emerging factors in cancer recurrence and decreased overall survival. 106 These provide evidence that CTCs are biologically relevant, the presence of which is indicative of metastatic disease. However, the current difficulty of using CTCs as a biomarker of metastatic disease is due to wide variability in the CTC detection range depending on technology. Reportedly, a method called leukapheresis could detect CTCs in up to 90% of non-metastatic early breast cancer patients, demonstrating that even earlystage tumors release tumor cells into the blood stream albeit in a quantity that may not be readily detectable by conventional methods. 107 Taken together, the presence of CTCs is indicative of metastatic disease, while the absence of CTCs may not ensure non-metastatic disease.
Nonetheless, through these technological advances in detecting CTCs, it is now well evidenced that the majority of epithelial-origin cancers release tumor cells into the blood stream. 108, 109 It is not clear, however, whether a tumor has to progress to a certain definable stage before it starts releasing CTCs. In breast cancer patients, disseminated tumor cells were found in the bone marrow regardless of the size or stage of primary tumors, which included ductal cell carcinoma in situ (DCIS). 110 Provocatively, CTCs were detected in a mouse model of pancreatic cancer even before primary tumors became histologically invasive. 111 These findings indicate that tumor dissemination is an early event during tumorigenesis, possible preceding tumor cell invasion to local tumor parenchyma. Moreover, genomic studies have shown that some CTCs contain fewer genetic alterations compared to the primary tumor of origin, suggesting that tumor cell dissemination may occur even prior to the establishment of primary tumors. 112 These studies indicate that tumor cell release into the blood stream occurs early in tumorigenesis without requiring primary tumors to progress to an "advanced" stage.
These findings challenged the previous views of the intravasation/dissemination step in metastasis that it is neither driven by a set of specific gene mutations nor the result of advanced tumor behavior that includes tumor angiogenesis. The cellular mechanism of intravasation/dissemination is presently unclear. It is possible that the very initial genetic alterations in tumorigenesis, presumably the ones that provide proliferation advantage, may also enable cell dissemination. These early mutations could be identified by genomic studies of CTCs isolated from patients with very early-stage cancer or with precancerous lesions. This is well under way with sequencing of CTCs at a single-cell resolution. 112 An alternative explanation may be that cell dissemination is a "normal" cellular process in that even normal cells disseminate at a certain rate. This postulate could be supported by the fact that EMT associated with tumor cell invasion/intravasation/ dissemination is in fact a normal cellular process in the development of many tissue types. 113 It will be crucial to determine the mechanisms and factors involved in the CTCrelease step in order to strategize innovative therapy to target and prevent metastasis. It has been well demonstrated that the number of CTCs detected in the blood stream far exceeds the number of distant metastatic lesions in patients and in animal models alike. 109, 110 These findings suggest additional events such as mutations in "colonization genes" and/or factors in order for CTCs to become bona fide metastases. Taken together, technologic advances to detect CTCs reliably in very early-stage cancer patients may afford us to determine a therapeutic time window to target "colonization genes" and mitigate metastatic progression of the disease.
Summary and concluding remarks
The recent genomic studies have identified 120-140 cancerdriving genes, consisting of ∼65 oncogenes and ∼75 tumor suppressor genes. Evidently, tumorigenesis is driven by mutations in two to eight of these cancer-driving genes. These findings support the multistep tumorigenesis paradigm but also present an incredulous number of possible combinations of mutations that could give rise to cancer. This poses fundamental challenges to molecular targeted therapy, portending that one molecule-one targeted therapy is not sufficient to treat cancer. Furthermore, as we strive to target oncogene mutations via therapy development, we urgently need to think of innovative ways to treat cancers driven by the loss of tumor suppressor(s). The importance of addressing tumor suppressors in tumorigenesis is starkly underscored by the fact that more than 40% of cancers across tissue types have the loss of TP53. Considering the "mutual exclusivity" between TP53 and PIK3CA gene mutations, we propose a TP53/ PIK3CA common genetic pathway model as one of the critical decision points of cell death/survival in tumorigenesis. If the model is proven valid, we could potentially consider treating TP53-mutated cancers with agents targeting the PI3k pathway and may achieve a therapeutic efficacy. With these therapy implications in mind, genetic interactions between cancer-driving genes especially related to tumor suppressor pathways warrant thorough investigation. New genes found frequently mutated in multiple cancers include histone modifiers and chromatin remodelers, most of which are also tumor suppressors. As mutations in these genes are likely to affect global scale gene transcription, it will require innovative approaches to delineate the mechanisms of these 
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Kim gene mutations in tumorigenesis and even more ingenuity to develop targeted therapy for cancers driven by such gene mutations.
The mechanisms of targeted therapy resistance include acquired de novo mutations in the targets themselves and/ or reactivation of the targeted pathway. Additionally, general amplification or activation of powerful growth signals not directly related to the targeted pathway may also provide a mechanism for therapy resistance. Less understood is the intra-tumor heterogeneity that occurs during tumor progression prior to therapy, which confers therapy resistance at disease presentation or shortly after initial therapy. Due to limitations of our current technology (tumor sampling bias and sequencing sensitivity), the scope of heterogeneity in each tumor is unclear. Technological development to assess intra-tumor heterogeneity and evaluate relevant mutations in subpopulation of tumor cells, preferably in early stages of cancer, will enable us to better strategize to manage therapy resistance.
Metastatic progression of cancer remains the most challenging issue facing cancer treatment today. Recent findings of no common metastasis-specific genes have challenged the metastasis paradigm of stepwise evolution by acquiring metastasis-specific gene mutations. In addition, the genetic heterogeneity detected between multiple metastases in a single patient presents an onerous challenge in the development of targeted therapy for metastatic disease. Combination therapy is logical but a daunting task regarding the number of possible combinations. The findings that CTCs are detected even in early-stage non-metastatic cancer patients indicate that tumor dissemination occurs in a much earlier time frame than previously thought, directly challenging the long-standing paradigm that metastatic initiation is a later event in tumorigenesis.
Collectively, recent findings show that tumors gain genetic heterogeneity and systemic dissemination during very early stages of tumorigenesis, which also provide mechanisms for therapy resistance (Figure 3 ). These present challenges in strategizing cancer treatment and management going forward. First, it will be critical to be able to assess the genetic heterogeneity at the time of diagnosis in considering targeted therapy, or combination thereof. Conceptually, an optimal time frame for effective targeted therapy would be before intra-tumor heterogeneity arises. Investigation of the cellular and molecular mechanisms that give rise to genetic heterogeneity in early tumorigenesis may reveal tractable targets for therapy to treat or prevent tumor progression. Second, technology development of reliably detecting and isolating CTCs in very earlystage cancer patients or precancer patients will provide means to strategize targeted therapy to treat and/or prevent inevitable metastatic progression of the disease. As adjuvant targeted therapy for early-stage breast cancer has proven effective in reducing recurrence, targeted therapy is likely to be more effective in treating early-stage cancers, and more importantly, in preventing tumor progression/metastatic recurrence. Third, although a set of metastasis-specific genes is of no avail, it is still within the scope that we may find "colonization-specific genes". As genome sequencing becomes more affordable, we will be able to obtain such a dataset representing metastases corresponding to each metastatic site in the near future. Such genes and pathways may provide therapy targets to treat and/ or prevent overt metastases to specific organs. Lastly, an optimistic view in cancer treatment comes from the emergence of immunotherapy including ipilimumab, nivolumab, and other agents that target T-cell inhibitory molecules. 114 These agents result in unguarded T-cell activation and T-cell-mediated immune response against tumor cells. Eliciting the "host" immune response to eliminate cancer is attractive because of the systemic nature of the effect, which has the potential to eradicate disseminated tumor cells during early stages of tumorigenesis and to prevent metastatic progression. Fundamental basic research of the molecular and cellular mechanisms governing the intricate interplay between tumor and immune cells will instruct us how to optimally modulate the immune response in cancer treatment. Combined use of immunotherapy and targeted therapy upfront in very early stages of cancer utilizing sophisticated CTC detection as a guideline as to the therapy time window may prove to be effective in preventing metastasis and improve cancer mortality.
